ABSTRACT: Transient storage of floodwaters in aquifers is known to attenuate peak flows in rivers and drive subsurface dissolution. Transient aquifer storage could be enhanced in watersheds overlying karst aquifers where caves facilitate surface and groundwater exchange. Few studies, however, have examined controls on, or magnitudes of, transient aquifer storage or flood peak attenuation in karstic watersheds. Here we evaluate flood peak attenuation with multiple linear regression analyses of 10 years of river and groundwater data from the Suwannee River, which flows over the karstic upper Floridan aquifer in north-central Florida and experiences frequent flooding. Regressions show antecedent river stage exerts the dominant control on magnitudes of transient aquifer storage, with recharge and time to peak having secondary controls. Specifically, low antecedent stages result in larger magnitudes of transient aquifer storage and thus greater flood attenuation than conditions of elevated antecedent stage. These findings suggest subsurface weathering, including cave formation and enlargement, caused by transient aquifer storage could occur on a more frequent basis in aquifers where groundwater table elevation is lowered due to anthropogenic or climatic influences. Our work also shows that measures of groundwater table elevation prior to an event could be used to improve predictive flood models.
Introduction
Transient aquifer storage, defined herein as the temporary loss of river water to aquifers during floods and subsequent return to the river, has been recognized in contributing to flood peak attenuation (Cooper Jr and Rorabaugh, 1963; Zitta and Wiggert, 1971; Pinder and Saurer, 1971; Moench and Barlow, 2000; Chen and Chen, 2003) . Transient aquifer storage typically occurs in watersheds that cross hydraulic boundaries, where upstream portions of the watershed are underlain by lowpermeability substrate and downstream portions of the watershed are underlain by substrate with higher permeability (Bonnaci, 1996; Gulley et al., 2013 Gulley et al., , 2014 . Examples include basins where rivers flow off low permeability crystalline rocks onto adjacent alluvial aquifers (Winter, 1999; Sophocleous, 2005; Payn et al., 2009) , glacial terrain (Winter and Pfannkuch, 1976) , volcanic terrain (Konrad, 2006) and dryland rivers in semi-arid regions (Costa et al., 1992) . In such watersheds, runoff from the lower permeability substrate can increase river stages at downstream locations faster and to greater magnitudes than local infiltration of rainfall can increase groundwater heads (Smith et al., 2002; Gulley et al., 2013 Gulley et al., , 2014 . As a result, normal hydraulic gradients from the aquifer to the river may reverse during high discharges, causing river water to flow into the aquifer (Jones and Mulholland, 2000; Woessner, 2000; Sophocleous, 2002; Lauber et al., 2014) .
While a growing body of work has examined controls on, and magnitudes of, transient aquifer storage in watersheds underlain by silicate substrate or substrate derived from silicate weathering, far less is known about transient aquifer storage in watersheds that flow across carbonate bedrock (although see for example : Alberic, 2004; Moore et al., 2009; BaillyComte et al., 2009; Gulley et al., 2011) . Watersheds on carbonate bedrock typically have lower densities of surface drainage relative to watersheds on non-carbonate rock because high solubility of carbonate minerals facilitates formation of caves which drain the subsurface landscape (Bonacci, 1996; Bonacci et al., 2006) . Because caves enhance communication between rivers and aquifers, the capacity of karst aquifers for transient aquifer storage may be high relative to non-karstic watersheds.
Most information about transient aquifer storage in karstic watersheds originates from studies of sink-rise systems, where surface water is diverted underground via an upstream conduit and discharges at a spring downstream (Martin and Dean, 2001; Covington et al., 2009; Moore et al., 2009; Bailly-Comte et al., 2011; Gulley et al., 2014) . Sink-rise systems are enlarged by runoff from low permeability non-carbonate bedrock, which is typically undersaturated with respect to carbonate minerals, particularly during floods (Palmer, 1991) . Attenuation of flood peaks can be substantial in sink-rise systems because large volumes of water can be stored in conduit porosity when caves are air-filled (Dogwiler and Wicks, 2004; Covington et al., 2009) and in the surrounding aquifer matrix when hydraulic head differences between conduit and matrix force floodwaters into the surrounding aquifer (Martin and Dean, 2001; Screaton et al., 2004; Gulley et al., 2014) . For example, transient aquifer storage in a prominent sink-rise system in a karstic watershed in north-central Florida reduced peak discharge by 40%, relative to upstream gaging stations during flooding associated with a tropical storm .
Spring reversals are another process leading to transient aquifer storage in karstic watersheds, but contributions of spring reversals to flood peak attenuation in confluent base level surface streams remain understudied relative to sink-rise systems. Spring reversals occur where phreatic conduits are hydraulically connected to surface streams and when river stage increases above groundwater heads. Consequent reversal of hydraulic gradient between aquifer and river causes river water to flow into the spring vent and conduits can transport floodwater intrusion kilometers away from river channels and allow it to exchange with aquifers 10s to 100 s of meters below the groundwater table (Crandall et al., 1999; Gulley et al., 2011 Gulley et al., , 2013 . Spring reversals in northern Florida during a 2009 flooding event were responsible for total transient aquifer storage volumes ranging between 10 4 and 10 5 m 3 at each spring that was documented.
Because floodwaters are frequently sourced from watersheds underlain by siliciclastic rocks, intruding river water is undersaturated with respect to carbonate minerals, which drives dissolution and conduit enlargement. Additional dissolution can occur in fracture and matrix porosity as microbes oxidize organic carbon transported into aquifers during flooding (Gulley et al., 2012; Brown et al., 2018) . After the flood pulse subsides, and hydraulic gradients return to normal, stored floodwaters carrying newly dissolved bedrock will begin to discharge back to the river. As a result, the frequency and magnitude of transient aquifer storage would be an important control on timescales of conduit enlargement.
Most investigations of transient aquifer storage for both karst and non-karst catchments have been limited to theoretical numerical studies (Winter, 1998; Birkhead, 2002; Sophocleous, 2002; Montaldo et al., 2004; Ha et al., 2007; Cardenas, 2009; Spellman, 2016) ; few field-based investigations have been published. New work presented here aims to expand on previous analyses of transient aquifer storage by examining field data to determine hydrological controls on transient aquifer storage in a karstic watershed and examine how these controls affect the frequency of their occurrence. We use data from the Suwannee River basin in north-central Florida where rivers sourced from a semi-permeable upstream catchment contribute allogenic recharge to the downstream karstic basin. Extensive legacy data coupled with known occurrences of transient aquifer storage therefore make the Suwannee River basin an ideal watershed to carry out this analysis.
We test the hypothesis that groundwater table elevations prior to flooding (hereafter referred to as antecedent groundwater head) will exert a significant control on the magnitude and frequency of transient aquifer storage using multiple linear regression. We also compare the effects of antecedent groundwater heads with aquifer recharge and slope of the rising hydrograph to analyze how each contributes to the magnitude and occurrence of transient aquifer storage. As high-resolution records and real-time data of groundwater elevations are rarely available in most watersheds, we wish to evaluate if antecedent river stage could provide a reliable metric for groundwater table elevation and subsequently be included in deterministic flood modeling when applicable. Because conduits in karst aquifers can result in low groundwater table gradients (Back and Hanshaw, 1971) , particularly in the vicinity of spring-fed rivers, antecedent groundwater heads may closely track, and serve as proxy for, antecedent river stage in base level streams.
Study area
The Suwannee River Basin, in north-central Florida, is a karstic watershed where runoff from adjacent catchments (allogenic) flows across an unconfined karst aquifer (Figure 1 ). During floods, springs along the Suwannee River that discharge groundwater from the unconfined upper Floridan aquifer commonly reverse flow, leading to transient aquifer storage, geomorphic work and flood peak attenuation in the Suwannee River (Verdi and Dixon, 2011; Gulley et al., 2013) . Similar to many river basins, flood models in the Suwannee River Basin, do not account for transient aquifer storage resulting from spring reversals and often over-predict flood magnitudes (Giese and Franklin, 1996; Spellman, 2016; Cosgrove, 2016) . Consequently, this basin provides an ideal study site to evaluate controls on flood attenuation by karst aquifers.
The Suwannee River Basin covers 25 830 km 2 , drains surface waters in north-central Florida and southern Georgia to the Gulf of Mexico (Figure 1 ), and is underlain by two primary aquifers: the Surficial and upper Floridan aquifers (Grubbs and Crandall, 2007) . The Surficial aquifer consists of 3-10 m (White, 1970; Miller, 1997) . Dense networks of surface streams are developed on the Hawthorn Group in the Northern Highlands (Upchurch, 2002) . Downstream of the Cody Scarp, the high permeability of the exposed Ocala limestone results in rapid infiltration of rainfall, and, consequently, surface water exists only where the groundwater table intersects low points in the surface topography, such as karst windows or eroded channels (Jones and Randazzo, 1997; Gulley et al., 2014) . With the exception of the Suwannee and Withlacoochee Rivers, all surface streams completely sink underground at the Cody Scarp, for example, at the Santa Fe River sink-rise system (Martin and Dean, 2001 ). The Santa Fe River is the only tributary to the Suwannee River downstream of the Cody Scarp although the Suwannee River also receives water from springs, short spring runs and groundwater seepage.
Rainfall, and thus flooding in the basin, is affected by seasonal climate oscillations. The most notable is the El Niño southern oscillation (ENSO), which causes around 40% of the annual variability in rainfall and 30% of the river discharge (Sun and Furbish, 1997; Schmidt et al., 2001; Tootle and Piechota, 2004) . The North Atlantic oscillation (NAO) also exerts control over Florida climate. In its negative phase, it can bring about colder and wetter conditions and vice versa for its positive phase. Strong positive NAO will bring about warmer and wetter conditions in the southeastern USA in winter months (Visbeck et al., 2001 ). The Atlantic multi-decadal oscillation (AMO) increases streamflow during its negative phase (Martin et al., 2016) . The Suwannee River also floods from tropical storms between June and November.
During base flow conditions, Suwannee River discharge increases overall from the headwaters to the Gulf of Mexico. Some reaches, which we define here as stretches of the river between gaging stations, experience streamflow losses downstream of the Cody Scarp. Upstream of the Cody Scarp, discharge increases in a downstream direction due to confluent streams. Increases in discharge downstream of the Cody Scarp result from groundwater inflow from the upper Florida aquifer. Most inflow is derived from conduit-fed springs, with lesser contributions from groundwater seepage out of non-conduit matrix permeability (Pittman et al., 1997) . Floods in the Suwannee River basin occur when elevated runoff upstream of the Cody Scarp forms flood waves that propagate downstream. At and below the Cody Scarp, extensive exchange of water occurs between rivers and the upper Floridan aquifer via swallets (e.g. streams sinking into sinkholes; Upchurch and Lawrence, 1984; Martin and Dean, 2001; Moore et al., 2009 ) and more than 100 named springs, many of which reverse flow during floods (Crandall et al., 1999; Gulley et al., 2011 Gulley et al., , 2013 Brown et al., 2014) . The transition to a losing stream results in flood peak attenuation that causes flood models to occasionally over-predict flow magnitude. For example, extensive spring reversals and storage of floodwaters during flooding in April 2009 (Gulley et al., 2011 (Gulley et al., , 2013 corresponded with National Weather Service over-predictions of flood stage by 1.1 m. Motivated by these over-predictions, we undertook this study to understand the role of transient aquifer storage on flood peak attenuation and specifically, what hydrological controls impact the magnitude of transient aquifer storage.
Methods
This study focuses on an 84 km reach of the Suwannee River between Ellaville and Branford gaging stations (Figure 1 ). The catchment for the outlet point at Branford gaging station is approximately 20 400 km 2 or 80% of the Suwannee Basin. We divide the Ellaville to Branford segment into two reaches whereby reach 1 is defined from Ellaville to Dowling Park gaging stations and reach 2 is from Dowling Park to Branford gaging station. We restrict the study to this segment because floodwaters can be stored in the Santa Fe River Basin immediately downstream of Branford, which would complicate interpretations of changes in flood elevations. No significant tributaries exist between Ellaville and Branford, limiting temporary water storage in surface streams. Pre-flood water storage can thus occur only in the aquifer or in the main stem of the channel, although when river stage exceeds 8.8 m, some floodwaters could also be stored in flood plains. We compiled daily averaged river discharge and stage data for years [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] from the USGS Water Watch database (www.waterwatch. usgs.gov) for each of the three stations (Ellaville, Dowling Park and Branford). The timeframe reflects a period of continuous discharge measurements for all stations.
Establishing dynamics between aquifer and river levels
We document river water gains and losses via a river water mass balance between Ellaville and Branford partitioned among the two reaches to illustrate the dynamic interactions between the upper Floridan aquifer and Suwannee River. A water balance provides the simplest way of providing an order of magnitude estimate of inflows and outflows (Thornthwaite and Mather, 1957; Ford and Williams, 2007) . For the mass balance, upstream daily averaged discharge (Q U ) is subtracted from downstream daily averaged discharge (Q D ) for each reach (Equation (1)). Positive values indicate the reach gains river water and negative values indicate river water loss.
We gathered groundwater table elevation data at two wells (Wells #S051331007 and #031105006) drilled into the upper Floridan aquifer. Selected wells had a period of record greater than 10 years, were <10 km from streamflow gaging stations, and were along groundwater flowpaths to the river. . Though the well dataset was temporally irregular, there always existed a data pair (n = 3287 at well #S031105006 and n = 1751 at well #S051331007) between river and groundwater table elevation as river levels were sampled on a continuous, daily basis. In addition, both well datasets captured monthly, daily and sub-daily sampling periods. Thus, no data augmentation (i.e. bootstrapping or interpolation) was deemed necessary for analysis as the goal was simply to establish whether river stage was a reasonable proxy for groundwater table elevations.
Event selection
We consider 20 high discharge events that occurred between 2003 and 2013. To increase the number of events, we define an event as having peak discharge at Branford that exceeds 300 m 3 s -1
, which is approximately three times the average baseflow. We use Branford as the reference as it is the outlet point for the drainage area considered and compare the same time period with discharge at Dowling Park gaging station and groundwater table elevations at wells #S031105006 and #S051331007. For brevity, we will refer to the events as 'floods,' although only 4 of 20 defined events in our study period exceeded the defined flood stage of 8.8 m (Table I) at Branford.
Exploring hydrological controls on transient aquifer storage
We examine the effects of three different hydrological controls on transient aquifer storage: antecedent stage (AS), recharge (R) and slope of rising hydrograph (S). Antecedent stage is defined as the river stage immediately prior to a hydrograph rise which would serve as a proxy for antecedent groundwater table levels.
The complexity of determining recharge across karst landscapes leads us to estimate the upper bound of potential recharge as the cumulative rainfall during the period from antecedent stage to hydrograph peak using continuously monitored and daily rainfall data from two rain gages near Dowling Park and Branford (Figure 1) (Table II) . The slope is taken as the ratio of the difference between hydrograph peak (H p ) and antecedent stage by the number of days (t p ) between them which provides an average rate of river stage rise from antecedent stage to the observed flood hydrograph peak (Equation (2)).
Storage metrics
We establish three storage metrics to characterize transient aquifer storage along the Suwannee River. The first, peak discharge ratio (Q P ), quantifies flood peak attenuation between each reach as the ratio of peak discharge (maximum observed discharge) observed between the upstream (Q U tÀτ ) and downstream (Q D t ) stations (Equation (3)).
The second storage metric is the cumulative discharge ratio (Q C ), which is the sum of discharge from antecedent discharge 
The cumulative discharge ratio quantifies the mass loss of river water as the hydrograph rises. Inherently within the calculation, mass losses and gains are included, giving an overall indicator of rising limb dynamics for each reach. Finally, we consider the total transient aquifer storage that occurred between each reach during the rising hydrograph limb. The total transient aquifer storage metric is taken as the natural logarithm of the sum of the positive discharge difference between upstream and downstream stations over the rising limb of the hydrograph (Equation (5)). The calculations therefore quantify how much total river water was stored within each reach for each event.
For each of the discharge ratios (Equations (3), (4)), a value of 1 means that river water is neither gained or stored between gaging stations, whereas < 1 indicates transient aquifer storage (net loss) and > 1 indicates overall gaining conditions. Ratios were used instead of differences to stabilize the variance of the datasets. We use multiple linear regression to test the significance of each hydrological control (X = {AS, R, S}) on each storage metric (Q = {Q P , Q C , Q D }). Multiple linear regression is a common technique used in many scientific fields to establish relationships between an independent predictor and outcome variate (Tasker and Stedinger, 1989; Maidment, 1993; Montgomery et al., 2012) . The use of multiple linear regression inherently assumes a linear relationship (in coefficient) between independent predictor and outcome (Stedinger and Tasker, 1985) ,
however, it has been successfully used to infer the strength of relationships between knowingly linked parameters (Tasker et al., 1986; Maidment, 1993; Reis and Stedinger, 2005) . The utility of multiple linear regression in hydrological analysis has been extensive, and herein is used as a tool to provide a simple assessment of the significance and strength between transient aquifer storage and select hydrological controls. When running multiple linear regression analysis, we test the significance of each hydrological control using a significance level of α = 5%. We also partition the dataset within the regression using categorical variables (K) to distinguish between the two reaches (Equation (6b)).
If a categorical variable coefficient is significant, it indicates that the fitted intercept (B o ) is different for each category (e.g. reach 1 vs reach 2) (Pardoe, 2012) . In this analysis, reach 1 is the baseline, and any significant difference is reported as the difference in the intercept for reach 2. For example, if B 4 is significant (Equation (6a)), the difference in intercept for reach 2 would be B o + B 4 . Categorical variables are used to increase sample size and to ensure any differences in Q between reaches is accounted for in the regression.
The strength and direction of the relationship between each hydrological control is quantified and compared by using the fitted regression coefficients (B). Because the value of the fitted regression coefficients (B) represent a unit change in Q for a unit change in X, it is difficult to make direct comparisons between Bs if each input is in different units (Hocking, 1976) . We therefore standardize all input variables (Equation (7)) before regression analysis by subtracting by the mean (μ X ) and scaling by the standard deviation (σ X ). The standardization allows for direct comparison of the effect of each input on the dependent variables in {Q} (Kim and Ferree Jr, 1981; Pardoe, 2012) . The relationships between river stage and groundwater table elevations at the wells nearest each gaging station were different for high and low stages (Figure 3(A)-(D) ). The segmentation of river stage between high and low resulted in higher R 2 than by fitting a trend line for the entire dataset at each station. The threshold between high and low stage at Branford where R 2 was maximized between groundwater table elevations and the high and low series was at 8.59 m. The threshold established at Dowling Park was 10.09 m. All relationships showed a first-order polynomial relationship (i.e. simple linear fit) as best model form. The relationships between groundwater table elevation and low (Figure 3(A) ) and high stage (Figure 3(B) ) at Dowling Park both had R 2 = 0.85. Hysteresis curves were observed at both low and high stages whereby the groundwater table recovered more slowly to pre-event conditions compared with river stage, though the effect is more pronounced at high stages. Low stages and groundwater table elevation relationships at Branford (Figure 3(C) ) had an R 2 = 0.74 whereas the relationships at high stages (Figure 3(D) ) was much stronger with an R 2 = 0.99 (Figure 3(D) ). Hysteresis curves were also observed at Branford gaging station at both high and low stages. The strong linear relationship (>0.70) between river stage and groundwater table elevation indicates that river stage is a suitable proxy for groundwater table elevations in the absence of groundwater data.
Transient aquifer storage dynamics
The two reaches of the Suwannee River considered herein showed distinct differences regarding interactions with the upper Floridan aquifer system. Reach 1 (Ellaville to Dowling Park) was characterized by significantly more transient aquifer storage than reach 2 (Dowling Park to Branford) ( Table I ). The values of the different storage metrics show variable responses for the two reaches (Table I) . For reach 1, Q p < 1 for all events except in August 2005 and September 2013, but Q p for these events was close to unity reflecting little gain of water. In contrast, for reach 2, four events showed Q p <1 while for all other events Q p > 1 indicating peak flows in reach 1 are more frequently attenuated than reach 2. The cumulative discharge ratio (Q C ) values indicate that river water is stored more frequently in reach 1 than reach 2. A smaller number of events showed Q C <1. In reach 1, 60% of events showed Qc < 1 although 90% of the events had Q C < 1. The events with Q C <1 occurred in 2005 and 2012-2013 . Reach 2 showed 25% of events with Q C <1. Transient aquifer storage occurred during all events for reach 1 and only 11 events (55%) for reach 2. River stage exceeded flood stage at Branford during two events (April 2005 , April 2009 ) and may have caused floodplain storage, which in our models would be considered as transient Across all multiple regression models (I-IV), antecedent stage was significant at the 5% level for each storage metric (Table II) . The positive relationships (positive R 2 ) indicate that as antecedent stage increases, peak attenuation decreases. The correlation between Q p and recharge was significant for Model III, which also has the highest R 2 . The coefficient for antecedent stage (B 1 ) was larger than the coefficient (B 2 ) for recharge (R) in Model III indicating that it exerts greater effect on Q p .
For cumulative discharge ratios (Q C ) significant hydrological controls were more varied (Table II) . Antecedent stage was significant at the 5% level for models III and IV, but only at the 10% level for model I. Slope of rising hydrograph was significant only for model II. Recharge was significant at the 10% level for model III which again, had the highest R 2 . The hydrological control that was significant in explaining the total amount of transient aquifer storage that occurred was again, antecedent stage for all models (Table II) . The negative relationship indicates that as antecedent stage increases, transient storage decreases. The rate of hydrograph rise was again, significant only for model II at the 10% level.
Transient aquifer storage thresholds
We used the Q D (Equation (6)) metric to separate events into those with transient aquifer storage (river water losses) and no storage (river water gains) for reach 1. Comparing events with and without transient storage shows that lower antecedent stages result in a stronger tendency for transient aquifer storage to occur between Dowling Park and Branford. The average 
Discussion
Although the relationship strength between groundwater table levels and river stage was different for each reach (Figure 3) , strong correlation at both reaches indicated by the high R 2 values suggest that river stage is a reliable indicator of groundwater table elevations. Thus, the relationship between antecedent stage and transient aquifer storage (Table III) indicates that groundwater level is an important control on the magnitude and frequency of transient aquifer storage. However, groundwater levels are rarely measured immediately next to the river, including those used herein, and therefore, near stream groundwater dynamics are unknown, which contributes to model uncertainty. Nonetheless, in suitable environments antecedent stage can be used as a useful indicator of near-stream groundwater table elevation which can be used to predict the occurrence of river gains and losses during flooding.
The complex relationships between river stage and groundwater table elevation (Figure 3) , likely results from the wide range in permeability typical of karst aquifers, including variations in permeability between the matrix porosity, fractures and conduits (Budd and Vacher, 2002; Moore et al., 2009) . When hydraulic gradients reverse, initial storage occurs in the conduits. As hydraulic head increases within the conduit, intruded water will flow into the surrounding matrix and displacing water upwards into the vadose zone (Spellman, 2012) . After hydraulic gradients return to normal, water forced into the matrix porosity will drain back into the conduit at timescales on the order of many weeks to months, based on water chemical compositions (Gulley et al., 2011) . Complexities caused by heterogeneous permeability are shown but differences in transient storage between reach 1 and reach 2, the greater variance between Dowling Park stage and well #S031105006 (Figure 3(A),(B) ) than between Branford stage and well #S051331007 and hysteresis in the stage-water table elevation relationships (Figure 3 ). The differences in the extent of the hysteresis, reflecting the release of stored water, would be controlled by increased hydraulic head in the aquifer compared with pre-event conditions. Thus, slow drainage from the matrix porosity, coupled with rapid decrease in the river stage results in the observed variations in river stage and water table levels (Figure 3) .
One reason for the higher frequency of transient aquifer storage in reach 1 could be that there exists a higher density of conduits along reach 1. Hydraulic conductivity and gradient are linked (Kresic, 2006) , and thus in karst watersheds, conduits and other regions of enhanced porosity function as low resistance drains that maintain low hydraulic gradients under base flow conditions. Average hydraulic gradients in Florida are about 1 m/km (Back and Hanshaw, 1971) and can be even lower in the vicinity of the Suwannee River due to the density of karst conduits (Denizman, 2003; Gulley et al., 2011 ). In contrast, steep aquifer hydraulic gradients (~10 m/km) can exist around rivers in low conductivity granular aquifers (Chen et al., 2006; Kresic, 2006; Wondzell and Gooseff, 2013) . For the two reaches considered herein, average groundwater table gradients (obtained using potentiometric surface maps in ArcGIS during baseflow conditions (2001)), are shallower in reach 1 (1.3×10 -4 ) than reach 2 (2.0×10 -4 ) suggesting reach 1 may contain more conduits, increasing the potential for hydraulic gradient reversals to occur. Because conduits depress the hydraulic gradient compared with the surrounding matrix porosity, they increase the likelihood that transient aquifer storage will occur, all other things being equal. The likelihood of reversals would further increase during periods of low groundwater tables compared with high groundwater tables. For non-karstic rivers, exchange between rivers and aquifers can only occur through the wetted perimeter of the river channel. In karst aquifers, however, conduits extend the wetted perimeter kilometers into aquifers (Gulley et al., 2013) . Therefore, the combination of low resistance and small hydraulic gradients with conduits that increase the wetted perimeter should provide karst aquifers with a greater potential for transient aquifer storage than granular aquifers. Though sparse data exist on the lateral extent of transient aquifer storage, field studies in granular aquifers have shown penetration lengths of~30 m (Welch et al., 2015) whereas in conduits within the Suwannee Basin, penetration lengths have been documented to be of the order of kilometers (Crandall et al., 1999; Gulley et al., 2011 , Brown et al., 2014 .
Recharge was significant in models I and III for cumulative discharge ratio (Q c ) and model III for peak discharge ratio (Q p ), indicating that it may play a more important role than shown herein. Recharge in the Suwannee River Basin occurs both diffusely and discretely. Diffuse recharge occurs as water infiltrates into the porous limestone matrix whereas discrete recharge occurs when rainwater directly falls on or runs off to sinkholes and karst windows which expose the upper Floridan aquifer groundwater table (Ritorto et al., 2009) . Recharge, whether diffuse or discrete, should raise groundwater table elevations reducing the magnitude of transient aquifer storage. Quantifying recharge across a region is difficult because it will vary widely throughout the basin due to differences in matrix permeability, the density of sinkholes and swallets (Ritorto et al., 2009) , and the spatial variability in rainfall. Recharge would alter the impact of antecedent stage if it caused the groundwater table to rise. The difficulty in quantifying recharge over the course of the events which may lead to its lack of significance in many of the models. Additional considerations for antecedent moisture and differences between actual rainfall near the river and recorded rainfall at the gaging station would also introduce error in the analysis. Therefore, more detailed modeling between transient aquifer storage and recharge may be warranted to understand the dynamics between these processes.
The significant improvement of the model after removing events where water overflowed the banks of the river (Model III) indicate that floodplain storage could impact relationships between aquifer storage metrics and hydrologic controls. Removal of the two events with floodplain storage, April 2005 and April 2009, improved model R 2 values for all storage metrics ({Q}). As water overflows the banks of the river, the rise in stage is dampened as water spreads laterally across the floodplain and seeps into the subsurface. The floodplain storage effect may be captured better with nonlinear relationships; however only two events had known overbank storage and thus more data would be required to develop predictive models. The limited number of overbank events indicates that models produced here would be valuable for flood attenuation predictions.
The dependency of transient aquifer storage magnitude on antecedent groundwater table elevations can have implications for watershed denudation in karstic environments. Allogenic runoff sourced from an adjacent non-karstic catchment is chemically undersaturated with respect to carbonate minerals (Palmer, 1991; Ford and Williams, 2007; Worthington, 2009; Gulley et al., 2010) and as such, is capable of enlarging subsurface conduit systems and increasing overall denudation rates during floods (Gulley et al., 2011) . Though some literature exists on carbonate dissolution in Florida due to transient aquifer storage (Gulley et al., 2011) , other karst systems with documented reversals (River Loire in France (Alberic, 2004) , Bregava River in Herzogovenia (Makropoulos et al., 2008) ) and other karst springs sourcing rivers can potentially incur significant chemical weathering. Our results suggest that the amount of carbonate weathering can be extensive in certain reaches, as transient aquifer storage occurs at a relatively high frequency and the volumes stored can be substantial. As groundwater tables decline either through consumption or from natural climate cyclicity (Martin et al., 2016 ) the frequency and magnitude of transient aquifer storage should increase, thereby intensifying denudation. Furthermore, as karst aquifers are one of the most productive sources of potable water across the globe, drawdowns in groundwater table elevation can increase the frequency and magnitude of transient aquifer storage occurrences generating a feedback that contributes to intensifying denudation.
Though transient aquifer storage in karst terrain likely represents an extreme end member, the same controls would apply in streams hydraulically connected to other types of aquifers. In settings where large rivers flow into alluvial valleys, high flows can result in surface water intrusion into the nearby banks (Cooper Jr and Rorabaugh, 1963; Sophocleous, 1991) . As groundwater feeds downstream portions of the river in these settings, the river water intrusion that occurs would likely also be controlled by groundwater table elevation. Mathematical representations of homogeneous, confined and unconfined aquifers on transient aquifer storage (or equivalently, bank storage) have shown similar controls found herein on river water intrusion into the aquifer under a variety of regional settings (Cooper Jr and Rorabaugh, 1963; Pinder and Sauer, 1971; Zitta and Wiggert, 1976; Moench and Barlow, 2000; Chen and Chen, 2003) . The aforementioned models along with a host of literature (see Sophocleous, 2005) showed that hydraulic conductivity and groundwater table elevation exerted the most dominant control, as well as rate of river stage rise. Our real world study not only confirmed much of what has been done using simple numerical simulations for a wide range of geologic conditions, but also illustrated the extent and frequency of transient aquifer storage in natural settings, and also the conditions under which transient aquifer storage occurs.
Our results suggest that hydraulic properties such as antecedent stage, relate to the magnitude of flood peak attenuation resulting from transient aquifer storage. Recognition of this relationship could improve flood modeling efforts, such as the newly developed national water model (NWM). The NWM assumes that surface water is conserved in channels and therefore performs poorly in the lower Suwannee river basin (Cosgrove et al., 2016) . Because the NWM is spatially continuous, hydraulically integrating basins across the USA, error in flow simulation propagates throughout and affects discharge beyond the reach in question. In basins like the Suwannee River Basin, where flood discharge estimates are often over-predicted, including transient aquifer storage in flood prediction could improve water management decisions related to water resource allocation and design structures, issuance of flood warnings, and flood zone delineations that control flood insurance cost and necessity (Romano, 2016) .
The relatively simple study presented here showed that flood discharges in the Suwannee River Basin are modulated by transient aquifer storage. It also illustrates magnitudes of flood attenuation are related to antecedent groundwater conditions, through the use of antecedent stage as a proxy. Improvements to flood prediction models could come from improved understanding of relationships between attenuation and antecedent groundwater conditions and by collection of high-frequency (e.g. daily) groundwater table elevation data that is widely distributed along river reaches as well as by exploring 85 CONTROLS ON TRANSIENT AQUIFER STORAGE IN A KARST WATERSHED nonlinearities. We expect similar relationships between antecedent groundwater table elevation and flood attenuation could be determined in other basins that cross hydrogeological boundaries and/or have close linkages between groundwater and surface water. Thus, higher resolution monitoring in groundwater wells that are resolved to river stages would strongly improve these relationships, and provide a reliable metric for use in any flood prediction models.
Conclusions
Karst conduits in the Suwannee River Basin allow for extensive exchange of surface and groundwater and the evaluation the flooding behavior in watersheds with similar characteristics. Transient storage of floodwaters resulting from this exchange causes flood peaks propagating off an adjacent, impermeable non-karstic basin to become attenuated as they flow across the karstified portions of the watershed. Overall, lower antecedent stages resulted in a larger number of flood events that were attenuated by transient aquifer storage. Our results suggest that incorporation of antecedent groundwater table elevation could improve models used to predict flood magnitude for both karstic and non-karstic watersheds; however, more detailed modeling is needed on the dynamic interplay of controlling factors affecting transient aquifer storage.
